Neutron nuclear data on four isotopes of tantalum have been evaluated for the next version of Japanese Evaluated Nuclear Data Library general-purpose file in the energy region from 10
Introduction
Nuclear data are required for nuclear science and engineering. Especially, neutroninduced reaction data are important for nuclear energy applications. Japanese Evaluated Nuclear Data Libraries (JENDLs) have been developed by the Japan Atomic Energy Agency (JAEA) since 1977. The fourth version of the general-purpose file, JENDL-4.0, was released [1] in 2010. JENDL-4.0 contains neutron-induced reaction data for 406 nuclides, and its good performance was proved [2] by benchmarking. However, in the JENDL-4.0 evaluations, tantalum data were not fully examined due to the deadline of the release.
Tantalum is regarded as a control-rod material for lead-bismuth cooled fast reactors, and so its neutron data are important. Moreover, neutron-induced activation cross sections of tantalum are needed [3] for the decommissioning of light-water reactors.
The data on 181 Ta were evaluated for JENDL-3.0 [4] in 1987. These data were essentially carried over to JENDL-4.0 with minor modifications, although other isotopes were not considered. Under such circumstances, the present work was undertaken to improve the evaluated data on 181 Ta by considering the latest knowledge on experimental and theoretical nuclear physics. In addition to 181 Ta, the data on 179,180m,182 Ta were newly evaluated. Evaluated are the total, elastic and inelastic scattering, (n, γ), (n, p), (n, d),
(n, t), (n, 3 He), (n, α), (n, np), (n, nd), (n, nα), (n, 2n), (n, 3n), (n, 2np) reaction cross sections, the angular distributions of elastically and inelastically scattered neutrons and the energy distributions of emitted particles and γ-rays in the energy region from 10 −5 eV to 20 MeV. The Q-values of the reactions were calculated from the mass table AME2012 [5] , and are listed in Table 1 , together with abundances [6] and half-lives [7] .
[ Table 1 about here.]
This paper presents how the evaluation was performed. Section 2 deals with the resonance region. In Section 3, the computational methods and procedures above the resonance region are described. Comparisons of the evaluated results with the experimental and existing evaluated data are made in Section 4. Finally, Section 5 summarises the conclusion.
Resonance region
The resolved and unresolved resonance regions are listed in were taken from the work of Harvey et al. [9] and Stokes et al. [10] , respectively, while those of 181 Ta remain unchanged from JENDL-4.0. As for 181 Ta, the latest transmission data of Meaze et al. [11] were not adopted in the present work, since their radiation widths were extremely large for several resonances as compared with other measurements. The lowest resonances were added at 0.2 eV and -20 eV for 180m Ta and 182 Ta, respectively, by considering the compilation of Mughabghab [12] . The thermal capture and elastic scattering cross sections are listed in Table 3 , where the capture and elastic scattering cross sections are given at 300 K and 0 K, respectively, in order to compare with the values recommended by Mughabghab.
The ASREP code [13] was used to determine the unresolved resonance parameters (URPs) by fitting to the total and capture cross sections calculated with the nuclear Article models which will be described in Section 3. The URPs obtained are used only for selfshielding calculations, since the pointwise cross sections are given in the evaluated data files. As an example, the cross sections of 182 Ta reconstructed from the URPs are compared with the total and capture cross sections calculated from the nuclear models in Figure   1 . In the parameter fitting with the ASREP code, 10% uncertainties in the nuclear model calculations were assumed. The reconstructed cross sections reproduce the nuclear model calculations very well.
[ Table 2 about here.]
[ Table 3 about here.]
[ Figure 1 about here.]
Computational methods and procedures above resonance region

Nuclear models
The CCONE code (Version 0.8.4) [14] was used for calculating the neutron-induced reaction cross sections of tantalum isotopes. The code is based on the spherical and coupled-channel optical models, the two-component exciton pre-equilibrium model, the distorted-wave Born approximation (DWBA) and the multi-step statistical model. In order to simulate the direct and semi-direct effects on the radiative capture reaction, the pre-equilibrium capture was considered by using the γ-ray emission rate of Akkermans and Gruppelaar [15] extended to the two-component exciton pre-equilibrium model.
Parameter determination
Optical-model potentials
As for neutrons, we employed the global optical-model parameters obtained by Kunieda et al. [16] using the coupled-channel method based on the rigid rotor model [17] . The potential V (r) is defined as
where L and σ are the orbital angular momentum and the Pauli matrix, respectively.
The form factor f i (r) is of a Woods-Saxon shape, i.e.,
where R i is written as
The angle θ refers to the body-fixed system, and Y 0 l and β l denote spherical harmonics and a deformation parameter, respectively. The potential depths are given as follows:
From the neutron potentials, transmission coefficients are obtained together with total cross sections, shape-elastic scattering cross sections and the direct-reaction components of inelastic scattering cross sections for the CCONE calculation.
The parameters required in Eqs. (2)- (8) are listed in Table 4 , and the coupling schemes and deformation parameters are given in Table 5 . The deformation parameters were originally taken from the work of Koura et al. [18] The calculated total cross section of elemental Ta is shown in Figure 2 together with experimental data and the spherical optical model calculations using the parameters of Koning and Delaroche [19] . In order to
give a better fit to experimental data, the values of W
DISP D
and W
DISP V
were adjusted together with the β 4 value for 181 Ta, while the rest of the parameters remain unchanged from the original ones [16] . It is found from Figure 2 that the present calculations reproduce measured data better than those using the parameters of Koning and Delaroche. Concerning charged-particles, used were the spherical parameters of Koning and Delaroche [19] for protons, those of Lohr and Haeberli [20] for deuterons, those of Becchetti and Greenlees [21] for tritons and 3 He, and those of Lemos [22] modified by Arthur and Young [23] for α-particles. The transmission coefficients, which are required by CCONE to calculate charged-particle emission, were obtained from the charged-particle parameters.
[ Table 4 about here.]
[ Table 5 
Discrete levels and level density
In the calculation, it was necessary to input the discrete levels and level density parameters for 19 nuclei, i.e., 177−183 Ta, 177−182 Hf, and 175−180 Lu. The discrete levels were taken from the reference input parameters library RIPL-3 [24] .
Concerning the level density, the composite formula of Gilbert and Cameron [25] was used in the present work. In the region of low excitation energy E, the level density is described by the constant temperature formula ρ T , namely,
On the other hand, the a parameter, which characterises the Fermi-gas part of level density ρ F , is defined as
where E sh is the shell correction energy and γ a damping factor. The damping factor is given by γ = 0.40A
The energy U is expressed by E and the pairing energy ∆, i.e., U = E − ∆. In the above equations, the values of a( * ) and ∆ were taken from the work of Mengoni and Nakajima [26] . The shell correction energy E sh is calculated as the difference between the experimental mass [5] and the theoretical mass [27] . The two parameters T and E 0 were determined so as to connect ρ F and ρ T smoothly at an appropriate matching energy E m . The parameters used in this work are listed in Table   6 for individual nuclei, together with the energies of the highest discrete levels E highest level .
[ Table 6 about here.]
Gamma-ray transition
The γ-ray transmission coefficients are related to the photoabsorption cross sections by the detailed balance. The photoabsorption cross section is usually approximated by various Lorentzian shapes. In the present calculation, the shape was determined by comparing with the gamma-ray spectrum measured by Voignier et al. [28, 29] at 500 keV. As for the E1 radiation, two giant-dipole resonance (GDR) terms and a pygmy resonance (PR) term were needed to reproduce the spectra. An enhanced generalised Lorentzian (EGLO), which was proposed by Kopecky et al. [30] , was used for these terms. The resonance energy (E 0,i ), resonance width (Γ 0,i ) and peak cross section (σ 0,i ) were fixed for all tantalum isotopes, and they are given in Table 7 . The calculated γ-ray spectrum is compared with the data measured by Voignier et al. at an angle of 90 degrees in Figure 3 , where the measurements are multiplied by 4π. The agreement between the calculation and the experiment becomes satisfactory by considering the pygmy term, as was indicated by Igashira et al. [31] For other nuclei, two-component GDR parameters for EGLO are determined from the RIPL-3 [24] prescription for deformed nuclei. They are explicitly given as follows:
Γ 0,1 = 0.026E
Γ 0,2 = 0.026E
where the systematics of E 0 and σ 0 are given [32] by
MeV,
Using the quadrupole deformation parameter β 2 tabulated by Möller et al. [33] , the remaining quantities needed to estimate Eqs. (11) and (12) are obtained from
The standard Lorentzian (SLO) form was used to describe the M1 and E2 radiations for which the parameters were taken from the work of Kopecky and Uhl. [34] In cases where measured capture cross sections are available in the keV region, the γ-ray strength functions are renormalised so that the calculated cross sections reproduce these data. The s-wave γ-ray strength functions are compared in Table 8 with the values recommended by Mughabghab [12] . The values of 181,182 Ta were obtained after renormalisation using measurements. Although the value of 180 Ta seems large as compared with the others, it would not be possible to judge whether the present calculation is reasonable without measured cross sections in the keV region.
[ Table 7 about here.]
[ 
Pre-equilibrium parameters
The Version 0.8.4 of CCONE incorporates pre-equilibrium process for the (n, γ) and first-step binary reactions such as (n, n ′ ), (n, p), (n, d), (n, t), (n, 3 He) and (n, α). In the two-exciton pre-equilibrium formalism, the single-particle state densities for protons and neutrons in a residual nucleus are described [35] by
respectively. The parameter C 0 , of which the default value is unity, is changed so that the calculations reproduce measured neutron and proton emission data such as (n, 2n) and (n, p) in the present work. The (n, 2n) reaction is a ternary reaction, which proceeds from (n, n ′ ) by sequential decay in the framework of the multi-step statistical model.
Hence, the (n, 2n) cross section is sensitive to C 0 for the residual nucleus in the (n, n ′ ) reaction. More experimental data are available for (n, 2n) than for (n, n ′ ) in the nuclides presently concerned. In addition to the C 0 's, the pre-equilibrium parameters for complexparticle emission [36] were determined, i.e., those for the deuteron pickup reaction from the 181 Ta(n, t) reaction and those for the 3 He pickup and the α knockout reactions from the 181 Ta(n, α) reaction. These parameters for the complex particles were used for all tantalum targets. The pre-equilibrium parameters used are listed in Table 9 , where C 0 's are given only for the residual nuclei in the (n, n ′ ) and (n, p) reactions, and are assumed to be unity for those in the other first-step binary reactions.
[ Table 9 about here.]
Comparison with experimental data and other evaluated data in the fastneutron region
Comparisons are made with experimental data and other evaluated data. The experimental data are taken from the EXFOR database [37] that is compiled by the international data centres such as the IAEA Nuclear Data Section, the OECD NEA Data Bank, and the National Nuclear Data Center at the Brookhaven National Laboratory. As for the general-purpose evaluated nuclear data, there exist three major libraries, namely JENDL- We do not discuss most of the reactions where experimental data are unavailable, since it is difficult to judge whether the present evaluation is reasonable without measurements.
The capture cross section of 180m Ta is illustrated in Figure 4 . The present evaluation reproduces the data measured by Wisshak et al. [42] very well, while the JEFF-3.2 evaluation is systematically larger than the measurements. is not regarded as meta stable in JENDL/A-96 and so its contribution is automatically included in the GS production. The calculated isomeric ratio was slightly modified below 60 keV so as to reproduce the thermal 181 Ta(n, γ) 182m2 Ta cross section recommended by
Mughabghab [12] . The presently evaluated activation cross sections agree with available experimental data, although the data of Cox [43] are systematically larger than all the evaluated data for 181 Ta(n, γ) 182m2 Ta. 9 show the total and partial (n, 2n) cross sections of 181 Ta, respectively.
Figures 8 and
The data of Frehaut et al. [44] were renormalised by a factor of 1.078 that was derived by Vonach et al. [45] The experimental data on the total and partial (n, 2n) cross sections are well reproduced by the present evaluation, although the total 14.1-MeV (n, 2n) cross section measured by Ashby et al. [46] ( 2.64 ± 0.20 b), which would be located outside 
Concluding remarks
The neutron nuclear data on tantalum isotopes were evaluated in the energy region The statistical-model code CCONE was applied to the calculation of fast-neutron cross sections. The neutron transmission coefficients were obtained by the coupled-channel method, together with the total cross sections, the shape-elastic scattering cross sections and the direct-reaction components of the inelastic scattering cross sections. The neutron potentials were found to be reliable by comparing with the measured total cross sections.
The GDR and PR parameters for tantalum isotopes, which were needed to calculate E1 γ-ray emission, were determined so as to reproduce the γ-ray spectrum at 500 keV. The presently evaluated cross sections are in good agreement with measurements. The data on 179,180m,182 Ta, which were missing in JENDL-4.0, were newly evaluated. The evaluated data are compiled into ENDF-formatted data files for the next release of JENDL generalpurpose files. Table 4 Optical model parameters for neutrons. given in Ref. [12] . Table 9 Pre-equilibrium parameters. 
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